ABSTRACT: Mg(PF 6 ) 2 -based electrolytes for Mg-ion batteries have not received the same attention as the analogous LiPF 6 -based electrolytes used in most Li-ion cells owing to the perception that the PF 6 − anion decomposes on and passivates Mg electrodes. However, no synthesis of the Mg(PF 6 ) 2 salt has been reported nor have its solutions been studied electrochemically. Here, we report the synthesis of the complex Mg(PF 6 ) 2 (CH 3 CN) 6 and its solutionstate electrochemistry. Solutions of Mg(PF 6 ) 2 (CH 3 CN) 6 in CH 3 CN and CH 3 CN-THF mixes exhibit high conductivities (up to 28 mS•cm -1 ) and electrochemical stability up to at least 4 V vs. Mg on Al electrodes. Contrary to established perceptions, Mg electrodes are observed to remain electrochemically active when cycled in the presence of these Mg(PF 6 ) 2 -based electrolytes, with no fluoride (i.e., MgF 2 ) formed on the Mg surface. Stainless steel electrodes are found to corrode when cycled in the presence of Mg(PF 6 ) 2 solutions but Al electrodes are passivated. The electrolytes have been used in a prototype Mg battery with a Mg anode and Chevrel (Mo 3 S 4 ) phase cathode.
The development of the rechargeable lithium-ion battery has facilitated the production of many current portable devices such as mobile phones, laptop computers, and digital cameras, revolutionizing global communication.
1,2 Nonetheless, Li-ion battery technology still faces many challenges including the need to increase their energy density. Magnesium-ion batteries have been proposed as safer, cheaper, and potentially higher capacity alternatives to Li-based systems with a theoretical anode capacity for Mg of 3833 mAh•cm -3 , nearly twice that of Li metal systems (2062 mAh•cm -3 ) owing to the two valence electrons carried by magnesium. 3 Mg-ion battery chemistry in principle permits the use of highly earth-abundant Mg metal as an anode material without the potential risk of thermal runaway resulting from dendrite formation that can occur when using Li metal anodes. 4 However, a major limiting factor in developing competitive Mg-ion batteries is the lack of an electrolyte that is stable over a wide voltage range and compatible with multiple positive and negative electrodes. 5 Established high-voltage electrolytes, such as the magnesium aluminium chloride complex (MACC) in THF and Mg(TFSI) 2 in glymes, which are stable to at least 3.4 V vs. Mg are known to corrode common stainless steel battery components and exhibit only moderate ionic conductivities. 6, 7 Many Li electrolyte systems have been developed and studied using a wide range of Li salts including LiBF 4 , LiClO 4 , LiTFSI, LiPF 6 , LiAsF 6 , and LiSbF 6 . 8, 9 Due to a balance of several properties that no other common Li salt has been found to possess, LiPF 6 ultimately became the preferred electrolyte and was commercialized by SONY corp. in 1990. 10 Despite the thermal and hydrolytic instability of the PF 6 − anion, LiPF 6 has been found to be highly electrochemically stable in mixed carbonate solvents, allowing for the construction of Li-ion batteries with cathode operating potentials of 4.6 V vs. Li. 11, 12 Furthermore, LiPF 6 -carbonate solutions are highly ionically conductive electrolytes. Due to the relatively labile P-F bonds, PF 6 − -based electrolytes are able to form passivating layers on various electrodes and commonly used aluminium current collectors, thereby inhibiting continuous breakdown of the electrolyte during battery cycling and corrosion of the current collector, helping to prevent device failure. 13 Despite the ubiquity of LiPF 6 in Li-ion systems, Mg(PF 6 ) 2 has not received the same attention and to the best of our knowledge no direct synthesis of Mg(PF 6 ) 2 compounds have been reported. It is generally thought that the PF 6 − anion decomposes on Mg anodes, forming passivating MgF 2 layers. 14, 15 However, no detailed study of the electrochemistry or potential passivating or corrosive nature of Mg(PF 6 ) 2 has been conducted to date. Here, we report the synthesis and characterization of a Lewis base complex of Mg(PF 6 ) 2 , Mg(PF 6 ) 2 (CH 3 CN) 6 (1) as well as the plating and stripping of Mg/Mg 2+ employing 1-based electrolytes using glassy carbon (GC) and Mg electrodes. Additionally, we demonstrate the use of a Mg(PF 6 ) 2 -based electrolyte in a Mg-ion battery using a Mg anode.
We note that the synthesis of Ca(PF 6 ) 2 via a metathesis route has been reported. 16 However, as this method often leads to high levels of impurities that are difficult to remove, it has not been attempted in this study. 17 Instead, Mg(PF 6 ) 2 was prepared using NOPF 6 and Mg metal, according to procedures used for the formation of transition metal tetrafluoroborate and hexafluorophosphate complexes. 18, 19 Mg metal, activated with a small amount of I 2 in dry CH 3 CN, was treated with a solution of NOPF 6 in dry CH 3 CN at room temperature under an atmosphere of N 2 . As the reaction mixture was stirred, the solution evolved a colourless gas (NO) and was eventually heated gently to 45 °C for 20 hours (eq 1). After removal of solvent, the off-white solid was recrystallized twice from hot acetonitrile, affording a highly pure white crystalline powder of Mg(PF 6 ) 2 (CH 3 CN) 6 (1) in a 52% yield (product being lost during the two recrystallization steps). 6 (Figure 1 ). Bulk purity of 1 was confirmed by elemental analysis (C, H, and N). Additionally, the IR spectrum of 1 exhibits the expected C≡N stretching band at 2299 cm -1 .
Complex 1 could be dissolved in CH 3 CN to a maximum concentration of 0.12 M at 25 °C. Interestingly, it was found to be significantly more soluble in a 1 : 1 mixture of THF-CH 3 . 7 To gain insight into the structure of the electrolyte, spin lattice, T 1 relaxation and pulse field gradient diffusion NMR spectroscopic measurements were conducted on the various electrolytes (Table S1, Figure S6 ). The T 1 relaxation times of both the THF and CH 3 CN protons in the 1 : 1 THF-CH 3 Having successfully isolated a complex of Mg(PF 6 ) 2 , we turned to its use as an electrolyte salt. A 1 : 1 THF-CH 3 CN electrolyte solvent mixture was found to exhibit superior electrochemical stability and plating-stripping reversibility on GC than the 0.12 M electrolyte solution in pure CH 3 CN under the same conditions. Cyclic voltammetry (CV) showed that a 0.12 M solution of 1 in 1 : 1 THF-CH 3 CN could be cycled reversibly between -0.5 and 1.5 V vs. Mg over at least 20 cycles at a rate of 25 mV•s -1 using a GC working electrode and Mg reference and counter electrodes (Figure 2a) . The electrolyte could be cycled for at least 20 cycles with only moderate loss in plating/stripping current, exhibiting a small stripping overpotential (ca. 0.25 V vs. Mg) and a plating onset at 0 V vs. Mg. The broad features observed around 0 V vs. Mg on returning to positive potentials, thought to be the result of capacitive effects arising from the glassy carbon electrode, prevented the determination of meaningful cycling efficiency values. As MgF 2 passivation on Mg electrodes resulting from Mg(PF 6 ) 2 decomposition is believed to hinder Mg plating/stripping, a symmetric flooded cell (Mg|Mg|Mg) using Mg as the working and counter electrodes was used to study these processes. Both the 0.12 and 0.71 M solutions of 1 in 1 : 1 THF-CH 3 CN were cycled between -0.5 and 0.5 V vs. Mg at a rate of 50 mV•s -1 for 10 cycles. The voltammograms of the 0.12 and 0.71 M electrolyte solutions exhibit little to no attenuation of current density, suggesting that the Mg electrode remains free of insulating films after cycling at potentials where Mg plating is expected (Figure 2c-d) . Furthermore, that these anodic processes begin around 0 V vs. Mg (i.e. with very small overpotentials) suggests that Mg is being removed directly from the metal surface, and rather than through the breakdown of a surface film followed by Mg removal.
14 A higher current is observed in the more concentrated electrolyte, most likely reflecting its higher conductivity.
The electrochemical stability of the optimized Mg(PF 6 ) 2 electrolyte was further studied by performing linear sweep voltammetry (LSV) using Pt, GC, stainless steel (ss-316), and Al working electrodes (Figure 2b ). On the Pt and GC electrodes, the onset of electrolyte oxidation begins with a minor anodic process around 2 V vs. Mg followed by more significant processes at 2.5 and 3 V vs. Mg, respectively. On ss-316, oxidation occurs at much lower potentials of around 1.5 V vs. Mg. Significantly, only very little current is observed when scanning with the Al working electrode out to 4 V vs. Mg, suggesting that the Al surface is passivated toward the breakdown of the electrolyte. More extended LSV experiments of the 0.71 M solution again showed the onset of oxidation of the electrolyte to be significantly lower on ss-316 (1.5 V vs. Mg) than Pt, GC, or Al. While significant current density was observed during the first sweep on ss-316, subsequent sweeps showed very little current density up to 4 V vs. Mg (Figure 3a) , the attenuation of current suggesting that the electrolyte reacts with the surface of the ss-316 electrode to form an insulating film.
More extended cycling results with the 0.71 M electrolyte (see supplemental information, Figures S8-11 ) performed on Mg symmetric cells using either SS-316 or Al current collectors and a current of 5 mA•cm -2 show that the overpotential for both stripping and plating grows steadily over the first 10 hours to approximately 0.6 V (on both electrodes), thereafter dropping to a steady state value of 0.5 V, the overpotential remaining constant for more than 250 hours of cycling. Coulombic efficiencies of > 99.96% were observed; again these results are consistent with stripping and plating rather than processes dominated by electrolyte decomposition. Visual inspection and scanning electron microscopy (SEM) images of ss-316 current collectors extracted after 30 minute charge/discharge steps for ca. 250 cycles show large discoloured areas on the surface of the material, features that are not present on pristine ss-316 current collectors (Figures 3b-e) , suggesting that some corrosion or electrolyte breakdown has occurred during cycling. SEM images of the Mg metal taken from these cycled cells show the presence of globular masses that are composed almost exclusively of Mg and which are not present on the asprepared Mg electrodes ( Figure 4b,d) ; these Mg globules on the majority of the Mg surface are a clear indication of Mg plating. 7, 22 Furthermore, energy-dispersive X-ray spectroscopy (EDX) measurements and element mapping conducted on these large areas of plated Mg exhibit little to no evidence of fluorine being present on the surface, contradicting established thought regarding the formation of passivating fluoride-rich films on Mg (Figures S14-S17 ). Compared to the as-prepared Mg electrodes, the cycled material only shows slightly increased amounts of O and element mapping demonstrates that O is not homogeneously distributed over the surface but isolated to specific regions and could arise from THF decomposition or air exposure during SEM sample preparation ( Figures S13-S17 ). While EDX does not conclusively identify the nature of the corrosion or electrolyte breakdown on the surface of the ss-316 current collectors, small areas of the cycled Mg electrodes exhibit traces of Fe and Cr, which were likely deposited as a result of ss-316 corrosion ( Figure S20) . SEM images and EDX measurements conducted on Al current collectors taken from a cycled Mg symmetric cell (cycled in the same manner as the ss-316 cell, above; Figure S10 ) show much less evidence of corrosion or electrolyte decomposition on the Al surface ( Figures S21-S24 ). There are a few isolated areas that display pits in the surface that are rich in F, O, and Fe when compared to neighboring areas as well as the pristine material, possibly resulting from minor reactivity with the electrolyte and corrosion of the ss-316 cell casing during cycling. Again, the Mg electrodes extracted from this cell showed similar surface morphologies to those taken from the ss-316 cell by SEM-a surface patterned with Mg globules, confirming the Mg platting in the cell (Figure 4c,e-g ). Having demonstrated plating and stripping of Mg, the 0.71 M electrolyte solution was used in coin cells constructed using a Mg anode, and a Chevrel (Mo 3 S 4 ) phase cathode. Owing to the observed stability of this electrolyte on Al, current collectors made of Al were employed to limit possible side reactions during battery cycling. The coin cells, cycled at C/100, showed reversible charge-discharge profiles and could be cycled for at least five cycles reaching a maximum reversible capacity of 51 mAh•g -1 , roughly half of the theoretical capacity ( Figure 5 ). We note that the measured voltages associated with the two characteristic processes for Mg insertion and removal from the Chevrel phase are associated with overpotentials of > 0.4 V, which are likely due to kinetic limitations of both stripping/plating and insertion/removal of Mg 2+ ions at the positive and negative electrodes, respectively. The observed capacity is similar to that observed for the LiBH 4 /Mg(BH 4 ) 2 /DME electrolyte (albeit with higher overpotentials, 23 but worse than that observed in Al-or B-based electrolytes. 6, [24] [25] [26] More work is required to explore the role of other solvents beyond THF to lower the overpotential for intercalation and to explore the use of these electrolytes with other positive electrode materials. In summary, we have for the first time synthesized a Mg(PF 6 ) 2 complex (1), providing access to a group 2 complex containing labile CH 3 CN ligands and weakly coordinating anions that could be used as a general precursor for the formation of alkaline earth metal catalysts or as a reagent itself. 27, 28 Furthermore, we have demonstrated successful plating and stripping of Mg from a Mg(PF 6 ) 2 -based electrolyte system. These Mg(PF 6 ) 2 -based electrolytes exhibit a large stability window on Al (>4.0 V vs. Mg) and can be cycled on Mg without resulting in any noticeable loss in electrochemical activity of the Mg electrode over at least 10 cycles. LSV and EDX studies show that these electrolytes react with stainless steel electrodes resulting in corrosion of the electrode surface. Contrary to expectations, SEM and EDX measurements of Mg electrodes taken from cycled symmetric cells show that Mg is plated from Mg(PF 6 ) 2 solutions and that the surface remains electrochemically active after multiple voltammetric cycles as no passivating MgF 2 films are observed to form on the surface of the cycled Mg electrode. Lastly, 0.71 M electrolyte solutions of 1 in 1 : 1 THF-CH 3 CN have been shown to allow the reversible cycling of a coin cell containing a Mg anode, a Chevrel phase cathode, and Al current collectors with a maximum reversible capacity of 51 mAh•g -1 ; studies involving the use of this electrolyte with other positive electrodes are in progress. We are continuing to study the electrochemistry and ionic conductivity of Mg(PF 6 ) 2 -based electrolytes in different solvents to gain a more thorough understanding of the solution-state structure of the Mg(PF 6 ) 2 salt, its effect on the stability of the electrolyte solution, and its possible role as an additive in other electrolytes for the passivation of current collectors.
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